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Fundamental properties of the spin-noise signal formation in a quantum-dot microcavity are
studied by measuring the angular characteristics of the scattered light intensity. A distributed
Bragg reflector microcavity was used to enhance the light-matter interaction with an ensemble of
n-doped (In,Ga)As/GaAs quantum dots, which allowed us to study subtle effects of the noise-
signal formation. Detecting the scattered light outside of the aperture of the transmitted light, we
measured the basic electron spin properties, like g-factor and spin dephasing time. Further, we
investigated the influence of the microcavity on the scattering distribution and possibilities of signal
amplification by additional resonant excitation.
In recent years optical spin noise spectroscopy (SNS)
has developed into an efficient research tool in the field of
spin physics [1, 2]. Initially demonstrated in thermal va-
pors of alkali atoms [3, 4], it has been further applied to
spins in bulk and low-dimensional semiconductor struc-
tures [5–9], and recently extended to studies of the valley
dynamics in monolayer semiconductors [10] and the mag-
netization fluctuations in ultrathin metal films [11].
In optical SNS, the fluctuations of the magnetization
close to the ground state are mapped onto Faraday rota-
tion angle fluctuations using magneto-optical effects [12].
In other terms, the spin noise signal arises from an in-
terference of the forward-scattered field with the trans-
mitted driving laser [13–15]. Therefore, understanding of
the scattering gives a direct link to the properties of the
studied system [16].
In general, the measured spin noise signal is propor-
tional to the probe beam intensity squared. Thus, in-
creasing intensity, on the one hand, improves the sensi-
tivity of the measurements but, on the other hand, in-
creases unwanted perturbations of the system [17, 18].
One possibility to decrease these perturbations could be
the use of optical resonators, in particular, microcavi-
ties, which can be considered as an efficient tool of signal
amplification [9, 19, 20]. This possibility is, however, not
optimal, as the increased light-matter interaction leads to
an increased perturbation of the system, so that a strong
reduction of the light intensity is required. Furthermore,
additional limitations are given by the diode detectors,
which limit the sensitivity of the recorded signal at low
level optical intensities by their own electrical noise. A
solution could be provided by the basic properties of the
spin noise signal formation, i.e. by the fact that a co-
herent superposition of the driving laser field with the
forward-scattered field is equivalent to implementing a
homodyne detection. In this case, the laser transmit-
ted through the sample can be replaced by a part of the
laser beam, which is not going through the sample and
therefore does not interact with the system. This allows
one to use a very low probe power for accessing the spin
noise while working with high power laser light hitting
the diodes [21–23].
In this paper, we examine the abilities of homodyne
detection and study the spatial properties of the scat-
tered light. To test the spatial distribution of spin noise
we vary the angle of incidence of the probe laser on the
n-doped quantum dot (QD) ensemble while interfering
(homodyning) the scattered light along the direction of
normal incidence on the sample with a reference beam
(local oscillator, LO). We then apply a two-beam geom-
etry to study the possibility of amplification of the scat-
tered light intensity [24].
Figure 1(a) shows the scheme of the spin noise ex-
periment using homodyne detection. The emission of
a single-mode frequency-stabilized laser is split into two
beams by a polarizing beam splitter representing the in-
put of a Mach-Zehnder interferometer (not shown) [23].
The vertically linear polarized probe beam hits the sam-
ple (S) under the angle θ relative to incidence normal.
We use focusing and collimating lenses of 200 mm (40µm
spot diameter) and 60 mm focal length, respectively. As
the transmitted and scattered light have orthogonal lin-
ear polarizations, we use a half-wave plate (λ/2) and
a Glan-Taylor prism (GT) to filter out the transmitted
light component [14]. A fraction of the scattered light,
namely the fraction within the solid angle covered by the
numerical aperture NA = 0.07 of the collimating lens, is
selected from the whole 4pi distribution, and directed to
the input of a 50:50 non-polarizing beam splitter (nPBS),
together with the laser sent through second arm (LO)
of the interferometer. The interference of the two fields,
having both linear horizontal polarizations, results in the
photocurrents in the balanced photoreceiver (670 MHz
bandwidth), where their difference current is converted
into the voltage signal U(t). The ac-component of U(t)
is digitized using a 2 GS/s analog-to-digital converter
and Fourier transformed using an FPGA-based real-time
fast Fourier algorithm processing [8]. The dc-component
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FIG. 1. (a) Scheme of homodyne detection setup. The probe
beam hits the sample (S) under the angle θ. The interfer-
ence of the electric fields of passed scattered light and local
oscillator (LO) is measured at the photodiodes of the bal-
anced receiver. The current difference is converted into the
voltage signal U(t). The ac-component of U(t) is used to col-
lect the spin noise power spectrum, while the dc-component
is used for the piezo control in PID-loop. The relative optical
phase is maintained by tuning the piezo-actuated mirror to
the setpoint USP. (b) QD PL measured along the cavity plane
for 785 nm excitation (blue line) and cavity transmission (red
line) measured for white light excitation. Inset is sketch of
the 5λ/2 cavity showing the electric field distribution (blue
line) and 4 QD layers placed at the field antinodes seen as
reduced potential levels. The red line gives the potential of
the DBR structure with QDs.
is sent to the error input of the proportional integral
derivative (PID) control loop used to adjust the piezo
voltage [23]. Thereby, the relative optical phase between
the two arms of the interferometer can be maintained by
tuning the piezo-actuated mirror (PZT) to the set point
USP.
As discussed in Ref. [24], spin diffusion of carriers re-
duces the signal for higher wave vector values or, in
our configuration, for larger values of θ. Therefore, to
eliminate this contribution, we designed a strongly lo-
calized electron system: we use an ensemble of n-doped
(In,Ga)As/GaAs QDs, grown by molecular-beam epi-
taxy. The QDs are embedded in a distributed Bragg
reflector (DBR) structure with a quality factor Q ≈ 103,
in order to enhance the Faraday rotation and scattering
intensity. A moderate Q-factor value was specially de-
signed to avoid non-linear effects present in the high-Q
cavities [25, 26]. The structure was annealed at 900◦ Cel-
sius to shift the ground state emission of the QDs to the
energy of the cavity transmission. The 5λ/2 cavity (λ is
the design wavelength) with 14 bottom and 11 top pairs
of AlAs/GaAs stacks is optimized for the transmission
geometry and contains four QD layers each with a den-
sity of 1010 cm−2, positioned at the antinodes of the elec-
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FIG. 2. (a) Magnetic field dependence of the spin noise for
θ = 17.3◦. Probe power P = 7 mW and PLO = 4 mW. Inset
demonstrates B-dependence of the peak position B with a
linear fit, corresponding to the electron g factor |ge| = 0.54,
and of the half-width of the peak, which is constant over the
measured range, ΓHWHM = 81 MHz. (b) Power dependence
of spin noise amplitude of the Larmor peak at θ = 0◦ for
B = 50 mT in a log-log plot, showing also a linear fit. (c)
Peak width as function of probe power with a power law fit
yielding the minimal width Γ0 = 36 MHz at zero-power cutoff.
tric field at a distance of 129 nm between the layers, see
the inset of Fig. 1(b). To provide n-doping for the QDs,
we placed layers of Si-dopants 64.5 nm below each dot
layer. Figure 1(b) demonstrates the cavity transmission
(red line) and the QD photoluminescence (PL) spectrum
(blue line), detected along the cavity plane (not filtered
by the cavity) for above barrier excitation at 785 nm.
Both lines overlap close to the PL maximum. The op-
tical frequency of the probe is tuned to the microcavity
resonance at 864.69 nm. The sample is mounted on the
cold finger of a helium-flow cryostat where it is cooled
down to 5 K. An external magnetic field B can be ap-
plied by an electromagnet orthogonal to the cavity, as
shown in Fig. 1(a).
Figure 2(a) demonstrates an exemplary measurement
of the spin noise for different magnetic fields at a probe
incidence angle of θ = 17.3◦. After transmission through
the sample, the probe with wavelength λ = 864.69 nm
does not enter the λ/2 and the GT-prism in the detection
arm. The light scattered by the carriers along the direc-
tion normal to the sample is directed to the nPBS, see
Fig. 1(a). This result uniquely shows the observation of
spin noise outside the aperture of the transmitted probe,
confirming the theoretical results of Refs. [13, 24], and
supports a recent report in Ref. [16].
3The noise signal consists of a double Lorentzian-peak
structure, with a peak centered around zero frequency
and a second peak, moving proportionally to the mag-
netic field (Larmor peak) [8, 27]. Here, we only con-
centrate on the magnetic-field dependent Larmor peak,
which allows us to extract basic parameters of the sys-
tem. The peak position vs magnetic field gives the
average g-factor |ge| = 0.54, similar to the QDs mea-
sured in Ref. [8], blue points in inset of Fig. 2(a). The
half width ΓHWHM of the Larmor peak at half-maximum
(HWHM) defines the spin lifetime Ts = 1/(2piΓHWHM),
where 1/Ts = 1/τs + 1/τ . τs is the spin relaxation
time and τ = n0/G is the recombination time, which
depends on the carrier concentration, n0, and the gener-
ation rate of carriers, G [28, 29]. In the range of magnetic
fields where the peak position appears at frequencies be-
low 1 GHz, the Larmor peak width stays constant at
ΓHWHM = 81 MHz corresponding to Ts = 1.96 ns, as
shown by the red points in the inset of Fig. 2(a).
To extract the electron spin relaxation time τs, which
is not affected by the probe excitation, we measure the
power dependence of the Larmor peak, see Figs. 2(b)
and 2(c), where the dependence is shown for θ = 0◦,
λ = 864.69 nm, and B = 50 mT. Figure 2(b) gives a log-
log plot with the power dependence of the peak amplitude
demonstrating that the signal saturates at powers above
1 mW. Using the power law fit to the data in Fig. 2(c),
we extrapolate ΓHWHM to zero power from which we ob-
tain the intrinsic width Γ0 = 36 MHz, which corresponds
to τs = 4.4 ns. Further, it is known that τs is given by
the spread of g-factors ∆g and the fluctuating nuclear
fields in the electron surrounding, ∆BN [8, 27, 30] as
Γ0 = (2piτs)
−1 = (2pi~)−1
√
(∆gµBB)2 + (gµB∆BN )2.
Here, the µB is the Bohr magneton and ~ is the reduced
Planck constant. As the peak width is constant in the
measured range of fields, we can set ∆g = 0, and deter-
mine the ∆BN = ~/(τsgµB) = 4.8 mT, in accord with
the value taken from QDs without DBR structure, see
Ref. [27]. Note that to achieve a weakly perturbative
regime of probing, the probe power for measuring the
spin noise of the QDs in the DBR structure is reduced by
two orders of magnitude as compared to that in a bare
QD ensemble. In this case, homodyne detection is the
only way to measure the spin-noise signal while working
with shot-noise limited photodetection [22, 23].
In a next step, we analyze the effect of the DBR mi-
crocavity on the transmitted laser intensity as function
of the angle of incidence θ. For this purpose, we first test
the cavity transmission by modulating the probe laser by
a mechanical chopper in front of the sample and detect-
ing the transmitted intensity using a single silicon diode
and a lock-in amplifier. By scanning the laser, the in-
tensity of the transmitted light is recorded as function of
wavelength for different angles θ, see Fig. 3(a). The inset
in the figure demonstrates the expected parabolic angle
dependence of the energy of maximal transmission. Fig-
ures 3(b) and 3(c) demonstrate the angular dependences
of the measured spin noise amplitude and ΓHWHM of the
858 860 862 864 866
Wavelength (nm)
Tr
an
sm
iss
io
n
0
1.4
2.7
4.1
5.5
6.8
8.2
9.2
11
12.4
13.8
15.2
16.6
19.5
22.4
θ (deg.)
0 5 10 15 20
864
862
860
θ (deg.)
λ m
ax
 
(nm
) λ
max
 ~ θ2 
(a)
0 5 10 15 20 25
0
0.5
1
θ (deg.)Pe
ak
 a
m
pl
itu
de
 (a
rb.
 un
its
)
tuned λ
fixed λ
(b)
0 5 10 15 20 250
50
100
150
θ (deg.)
Γ
H
W
H
M
 
(M
Hz
)
avg HWHM no tuning Avg. width (MHz)
avg HWHM w tuning Avg. width (MHz)
(c)
FIG. 3. (a) Angle dependent laser transmission of the DBR
microcavity. The black dash-dotted line marks the position
of the transmission maximum λmax = 864.69 nm at θ = 0
◦.
Inset shows transmission peak position (λmax) versus angle
θ fitted by parabolic function, red line. (b) Normalized am-
plitude of the spin-noise Larmor peak as function of probe
incidence angle θ for two cases: red points for probe wave-
length fixed at λmax(θ = 0
◦) = 864.69 nm, blue points for
probe wavelength tuned to λmax of each angle, see inset in
panel (a). Black dash-dotted line corresponds to transmis-
sion intensity at fixed λ = 864.69 nm, as marked in the panel
(a). (c) Corresponding peak widths as function of θ. Lines
are guides to the eye. Error bars are calculated by averag-
ing over three independent measurements. P = 2.3 mW and
PLO = 4 mW. B = 50 mT.
Larmor peak at B = 50 mT, respectively. Here, we have
considered two cases: (i) the probe wavelength is fixed
at λ = 864.69 nm, corresponding to the case of maximal
transmission at θ = 0◦ (red points), and (ii) the probe
wavelength is shifted to the corresponding transmission
maximum for each angle (blue points), as given in the
inset of panel (a).
Let us recall the angular dependence of the transmit-
ted light shown in Fig. 3(a). If the probe laser wavelength
is fixed at maximal transmission for θ = 0◦, then by in-
creasing the angle the laser intensity reaching the QDs
is continuously decreasing, as shown by the dash-dotted
line in Figs. 3(a) and 3(b). However, the emission of the
scattered light for this wavelength is most efficient in the
direction normal to the sample (direction of homodyne
light detection). Our estimations show that for our DBR
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FIG. 4. Spin noise peak amplitude as function of phase with
(red points) and without (blue points) additional excitation
by an auxiliary beam. The green square at zero phase rep-
resents a measurement of the Aux only beam without phase
stabilization (probe beam is closed). Black circles give the ad-
dition of the signals of Probe and Aux, measured separately.
Lines are guides to the eye. λ = 864.69 nm for all beams,
PLO = 4 mW, and B = 50 mT.
structure the scattered light is collected within a solid
angle of ∼ 8◦ (NA= 0.07), defined by the microcavity
Q factor, see Fig. 3(a). Therefore, the behavior in the
first case can be understood by the laser power reaching
the QDs through the DBR. At angles θ < 10◦, the spin
noise amplitude does not change a lot, as the QD excita-
tion is still efficient and close to the saturation power. In
this range, the transmitted power decreases from 100%
to about 5%, or from 2.3 mW to about 0.1 mW, see
Fig. 2(b). For higher angles, the excitation continues to
drop to levels, at which it is strongly suppressed so that
the noise peak amplitude drops. The peak width also
decreases proportionally to the reduction of excitation
power, as seen in Fig. 3(c).
The second case is different, see the blue points in
Figs. 3(b) and 3(c). Here, the excitation is always effi-
cient, up to 100% of the light is reaching the QDs. How-
ever, the extraction of the scattered light along the nor-
mal direction becomes less efficient and follows the inten-
sity profile given by the dash-dotted line in Fig. 3(b). In
other words, with adjustment of the wavelength to the
cavity transmission maximum, the scattered light exits
the microcavity under the same angle as the laser does.
This means that its fraction along the normal direction,
where the collimation is performed, decreases. We also
conclude at this stage that a cavity of high Q factor
strongly limits the scattering aperture for detection at
a fixed wavelength, which reduces the range of possible
wave vectors and hinders experiments like the one pro-
posed in Ref. [16].
An additional effect may influence the amplitude of
the spin noise in the second case. For larger angles,
the transmission wavelength is shifting to shorter values,
which leads to excitation of different QD sub-ensembles:
as one can extract from Figs. 1(b) and 3(a), an angle
variation from 0◦ up to 10◦ shifts the wavelength down
by about 1 nm. According to the PL spectrum, the cav-
ity shifts from the low energy side of the PL maximum
to the high energy one, where the spin noise amplitude
usually does not change a lot [27]. In the experiment, on
the contrary, the spin noise amplitude vanishes at angles
of about θ = 10◦, which makes this effect not relevant in
our case.
Furthermore, we tested the possibility to amplify the
scattered light intensity by additional resonant excitation
with a second laser beam, as discussed in Ref. [24]. For
this purpose we applied the probe laser under θ = 0◦ and
an additional auxiliary (aux) beam at θ = 17.4◦, which
was split from the same laser and had the same polariza-
tion as the probe. Figure 4 demonstrates the results of
these measurements. The blue points give the amplitude
of the spin noise peak at B = 50 mT as function of the
phase difference between probe and LO, without the aux
beam [23]. The green point at zero phase is result of a
measurement of the aux beam only. Here, we did not
stabilize the phase between the LO and the aux beam,
and the probe beam was blocked. If we add up the two
separately measured signals, we obtain the data points
shown by the black circles. This situation corresponds
to the best case for both beams applied together [24].
However, our measurement results in the data points pre-
sented by the red triangles, demonstrating a non-trivial
dependence of the auxiliary amplification on the relative
phase between probe and LO. At 90◦ phase difference the
auxiliary beam has no effect at all on the scattered light
(red and blue points overlap), while at −90◦ the effect
is almost completely additive. This shows that the addi-
tional auxiliary excitation can increase the scattering but
has its own phase dependence relative to the probe and
LO beams. As discussed in Ref. [31], the scattered pho-
tons consist of two components, the coherent part and
incoherent part. The coherently scattered photons have
the same spectral properties as the excitation laser, and
can therefore interfere with the driving laser or the LO.
The observed phase dependence between the scattered
photons from the probe and aux beams allows us to con-
clude that the photons, originating from the same laser
source, scatter coherently at the QDs. Additionally, to
be able to see any effect of the scattering amplification,
the powers of the probe and aux beams should be in a
range where the QD transitions are not saturated by the
laser excitation. If one of the beams has higher power, it
dominates the effect and no noticeable amplification can
be observed. This observation demonstrates that in the
low power case the photons are scattered in the Heitler
regime with weak perturbation of the system [15, 32, 33].
To summarize, we have shown that the spin noise sig-
nal is determined by the properties of the scattered light,
which is strongly modified by the DBR microcavity. This
effect has to be carefully considered, especially for high-
Q microcavities used for polariton condensates. We have
found that the spin noise amplitude can be amplified by
5additional illumination, while the system is not saturated
by any excitation. The relative optical phase between the
probe and auxiliary beams has to be taken into account
for understanding the spin noise, which supports that the
technique is observed in the non-perturbative regime.
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